The authors show that vertically c-axis-aligned GaN nanorod arrays grown by plasma-assisted molecular-beam epitaxy are epitaxially oriented on Si͑111͒ substrates and their crystal structure corresponds to a fully relaxed wurtzite lattice. At later growth stage, these GaN nanorods exhibit the tendency to coalesce into nanorod bundles. Low-temperature photoluminescence spectrum from 1-m-long GaN nanorods consists of intense exciton lines of strain-free bulk GaN and additional lines at ϳ3.21 and ϳ3.42 eV ͑Y 7 and Y 2 ͒. The Y 7 line is attributed to the excitons trapped along the dislocations at the boundaries of coalesced GaN nanorods, while the Y 2 line has its origin in the interface defects at the GaN / Si͑111͒ interfaces. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2404597͔ Gallium nitride ͑GaN͒ and its alloys with indium nitride ͑InN͒ have recently emerged as a promising semiconductor system for light emitting applications covering a wide spectral range from the near infrared, through the visible, to the ultraviolet. The natural III-nitride crystals have the wurtzite structure, which consists of interpenetrating hexagonalclose-packed ͑hcp͒ cation and anion sublattices stacked along the c axis with a high degree of ionicity. At present, owing to the lack of native substrates, GaN-based light emitting devices are typically grown by heteroepitaxy on Al 2 O 3 ͑0001͒ or Si͑111͒ substrates along the polar c axis of the wurtzite structure. However, the large piezoelectric polarization field along the c axis has adverse influences, such as reduced efficiency and shift of emission wavelength, on the device operation.
Gallium nitride ͑GaN͒ and its alloys with indium nitride ͑InN͒ have recently emerged as a promising semiconductor system for light emitting applications covering a wide spectral range from the near infrared, through the visible, to the ultraviolet. The natural III-nitride crystals have the wurtzite structure, which consists of interpenetrating hexagonalclose-packed ͑hcp͒ cation and anion sublattices stacked along the c axis with a high degree of ionicity. At present, owing to the lack of native substrates, GaN-based light emitting devices are typically grown by heteroepitaxy on Al 2 O 3 ͑0001͒ or Si͑111͒ substrates along the polar c axis of the wurtzite structure. However, the large piezoelectric polarization field along the c axis has adverse influences, such as reduced efficiency and shift of emission wavelength, on the device operation.
1 Thus, at present, the commercial InGaN / GaN light emitting devices are limited to low In composition and operation at short wavelengths.
To overcome this drawback, growth of nonpolar GaN on unconventional substrates has been proposed. However, it is generally difficult to grow nonpolar GaN films of high crystalline quality and low dislocation density. On the other hand, there are several interesting reports that catalyst-free, plasma-assisted molecular-beam epitaxy ͑PAMBE͒ can be applied to grow vertically self-aligned wurtzite III-nitride ͑GaN, AlGaN, InN͒ nanorods ͑nanocolumns, nanowires, nanopillars͒ on Si͑111͒, Al 2 O 3 ͑0001͒, and Si͑001͒ substrates. [2] [3] [4] [5] [6] [7] The PAMBE-grown III-nitride nanorod arrays exhibit some promising properties to be used as nanostructured compliant templates 8, 9 for growing strain-free IIInitrides without the formation of misfit dislocations. Especially, it seems that large lattice mismatch does not prevent nanorod epitaxial growth and the grown nanorods are fully relaxed, resulting in strain-free, dislocation-free single crystals. Moreover, strain-free GaN overlayer growth, onedimensional ͑1D͒ III-nitride heterostructures, and 1D electroluminescent devices using GaN or AlGaN nanorod templates have been demonstrated. [10] [11] [12] For growth template applications, it is important to know the ensemble properties of GaN nanorod arrays and their interplay. In this letter, we report on the detailed structure and photoluminescence ͑PL͒ properties of PAMBE-grown GaN nanorods on Si͑111͒ substrates. We show that the PAMBE-grown GaN nanorods are fully relaxed, high crystalline quality wurtzite single crystals and they are epitaxially oriented both in the vertical direction and on the growth plane. We also find that GaN nanorods coalesce into nanorod bundles while maintaining the mean rod diameter at later growth stage. This phenomenon correlates well with a specific defect emission peak in the low-temperature PL spectrum from GaN nanorods with an extended length.
Vertically c-axis-aligned GaN nanorods in this work were grown on 3 in., n-type Si͑111͒ substrates by PAMBE. In order to avoid the formation of amorphous SiN x on Si͑111͒, an ultrathin ␤-Si 3 N 4 buffer layer was formed by plasma nitridation on the clean Si͑111͒-͑7 ϫ 7͒ surface. 13 The GaN nanorod growth was performed under the nitrogen rich conditions at sample temperature of 750°C. The N / Ga flux ratio, normalized to the growth of GaN epilayer on Si͑111͒ under the same nitrogen plasma conditions, was ϳ10. The nanorod length was found to be controllable by the growth time. The c-axis lattice constant of GaN nanorods was determined by x-ray diffraction ͑XRD͒ and the nanorod morphology and size distribution were analyzed with a fieldemission scanning electron microscope ͑FESEM͒. Roomtemperature ͑RT͒ and low-temperature ͑LT͒ PL spectroscopy was performed by using the 325 nm line of a continuouswave He-Cd laser ͑excitation power density of ϳ10 W/cm 2 , beam diameter of ϳ300 m͒.
Figures 1͑a͒ and 1͑b͒ show in situ reflection high energy electron diffraction ͑RHEED͒ patterns of GaN nanorods grown on Si͑111͒ with the incident electron beam ͑15 keV kinetic energy͒ azimuths along two orthogonal wurtzite GaN crystallographic orientations. In contrast to the streaky RHEED pattern observed for the thin film case, the spotty RHEED pattern results from three-dimensional growth morphology. The RHEED observation directly confirms that individual nanorods are single crystals and collectively oriented on the Si͑111͒ substrate plane. The in-plane axes of the GaN nanorods are confirmed to follow the epitaxial relations ͗2110͘ GaN ʈ ͓110͔ Si and ͗1100͘ GaN ʈ ͓112͔ Si .
For this case, both in-plane and axial ͑along the c axis͒ atomic orderings of GaN nanorods can be examined by RHEED. Figure 1͑c͒ shows the schematic representation of the wurtzite crystal structure. The wurtzite structure is formed from two interpenetrating hcp sublattices, each filled with one type of atom. The paired sublattices are stacked in an ABAB. . . sequence along the c axis. Viewing from the ͗2110͘ and ͗1100͘ projections, we can find that the lattice periodicities detected by RHEED are c and c / 2, respectively. This is in agreement with the axial ordering of RHEED shown in Figs. 1͑a͒ and 1͑b͒ . In addition, we can measure the ratio of in-plane RHEED spot periodicities obtained from these two electron azimuths. In the growth plane, the measured value is 1 / ͱ 3, confirming a hexagonal basal plane.
Furthermore, estimated from both Figs. 1͑a͒ and 1͑b͒ , the c / a ratio corresponds to the same value of 1.62± 0.03 ͑lim-ited by the charge couple device resolution͒. The actual c-axis lattice constant of grown GaN nanorods has also been determined by XRD to be 5.185 Å. The measured values of c and c / a ratio are identical to the cases of thick GaN films ͑Ͼ150 m͒ grown by metal organic or hydride vapor phase epitaxy, 14 indicating that PAMBE-grown GaN nanorods are indeed completely relaxed, strain-free single crystals. We conjecture that, in the nanorod structure, the biaxial strain caused by lattice and thermal expansion mismatches between the nanorods and the substrate can be relieved by the threedimensional stress relief mechanism, similar to that described for compliant nanostructured substrates. 8, 9 Figure 2 shows the FESEM images in the plan ͓͑a͒ and ͑c͔͒ and tilted ͓͑b͒ and ͑d͔͒ views of GaN nanorods with different growth times ͑corresponding to rod lengths of 0.4 and 1 m, respectively͒. In the tilted views of GaN nanorods, no significant lateral growth of individual nanorods can be found. And the height of GaN nanorods appears to be quite uniform. Thus, the aspect ratio of nanorods can be simply controlled by growth time. We also find that the mean diameter and density of GaN nanorods depend on the growth temperature and III/V ratio, whereas the nanorod height depends mainly on the growth time. Analyzing from the FE-SEM images, the GaN nanorods exhibit a mean diameter of 36 nm ͑standard deviation Ϸ 23 nm͒. With increasing growth time, we observe the coalescence phenomenon of individual nanorods into nanorod bundles. As a consequence, the areal density of GaN nanorods shown in Fig. 2͑c͒ is ϳ4.1ϫ 10 9 cm −2 , nearly one order of magnitude less than that shown in Fig. 2͑a͒ ͑ϳ2.3ϫ 10 10 cm −2 ͒. This nanorod coalescence phenomenon also manifests itself in the rodlength-dependent LT-PL spectroscopy of GaN nanorods. Figure 3͑a͒ is the RT-PL spectrum of 1-m-long GaN nanorods grown under the optimized conditions ͑FESEM image is shown in Fig. 2͒ . At room temperature ͑298 K͒, GaN nanorods exhibit strong near-band-edge ultraviolet photoluminescence at 3.40 eV with a full width at half maximum ͑FWHM͒ of ϳ50 meV. No defect-related emission except for a very weak broadband yellow emission is observed at room temperature. It is found that GaN nanorods grown under the optimized conditions can efficiently suppress yellow luminescence. In addition to the 3.40 eV emission peak, two phonon replicas are also clearly visible in the inset of Fig.  3͑a͒ . 15, 16 Figure 3͑b͒ displays the LT-PL spectra ͑at 8 K͒ of both types of GaN nanorods shown in Fig. 2 . Excitonic emission is clearly observed at 3.472 eV, which corresponds to the emission of neutral donor bound exciton ͑D 0 X͒. 15, 16 In addition, a higher energy shoulder peak at 3.479 eV from the free exciton ͑FX͒ emission is observed. The intensities of donor bound exciton and free exciton emissions are found to increase with increasing nanorod length. The FWHM of donor bound exciton and free exciton emissions determined by Lorentzian curve fitting are of about the same value of ϳ6 -8 meV. The PL emission band at around 3.42 eV ͑Y 2 ͒ is typically observed in all GaN nanorod samples. 17 Unlike the D 0 X and FX emissions, the emission intensity of the 3.42 eV band is independent of the nanorod length. We consider taht this PL band originates from exciton bound to structure defects at the nanorod bottom interfaces, as proposed in Ref. 17 . This explains well why its intensity is barely affected by the length of the nanorods. On the other hand, the PL band at around 3.21 eV ͑Y 7 , a doublet structure͒ is a unique emission, which can only be observed in LT-PL spectra of the GaN nanorods with long growth time. According to Resh- chikov et al., 18 this PL band is attributed to excitons trapped by unidentified point defects at the edge threading dislocation. Due to the slight in-plane twisted crystallographic alignment between individual nanorods, as indicated by the RHEED spot profile ͓Figs. 2͑a͒ and 2͑b͔͒, misfit dislocations are likely to form in the coalesced nanorod bundles. Thus, we propose that the Y 7 PL band observed here is from excitons bound to the dislocations formed at the boundaries of the coalesced nanorods.
In summary, we have confirmed that PAMBE-grown wurtzite GaN nanorods are completely relaxed, strain-free single crystals and they are epitaxially oriented on the Si͑111͒ substrate. We also find that although GaN nanorods show no significant lateral growth, they coalesce into nanorod bundles at later growth stage. This process creates unwanted dislocations in the coalesced nanorod bundles. It is therefore important to optimize the length of GaN nanorods for the growth template applications. 
